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Abstract 



We explore the potential of electron-photon colliders to measure fundamental 
supersymmetry parameters via the processes 67 — > ex^ (selectron-neutralino) 
and 67 i'x~ (sneutrino-chargino) . Given the x^ and x~ masses from e"'"e~ 
and hadron collider studies, cross section ratios £7(7-) /a (7+) for opposite 
photon helicities determine the Pl, cl and e_R masses, independent of the 
sparticle branching fractions. The difference m?^ — measures cos 2/3 
in a mo del- independent way. The ei and cr masses test the universality of 
soft supersymmetry breaking scalar masses. The cross section normalizations 
provide information about the gaugino mixing parameters. 



A linear e^e~ collider with 0.5 TeV cm. energy (expandable to 1.5 TeV) and luminosity 
50 fb~^ per year (200 fb~^ per year at 1.5 TeV) is of special interest for the study of the prop- 
erties of supersymmetric particles |1]-§1. In many unified models the lighter chargino (xf) 
and neutralinos (x? 2) cire expected to be sufficiently light that they can be pair produced at 
the Next Linear Collider (NLC). From the cross sections for e'^e'^ xtxi ^"^^ X1X2 
kinematics of the decays xf ; X2 ~^ Xiff' to the lightest neutralino, the masses of the xf, Xi 
and X2 would be determined, along with valuable information regarding their couplings. 
Additionally, since one of two contributing Feynman graphs involves slepton exchange, a 
determination or upper bound on the slepton mass may be inferred [^0]. Experiments at 
the LHC may also measure the Xi: Xi masses and deduce coupling information [^]. 

In the minimal Supersymmetric Standard Model (MSSM), the two gaugino mass pa- 
rameters Ml and M2, the Higgs mixing /i, and the ratio of vacuum expectation values, 
tan/3 = Vu/vd fully specify the gaugino masses and mixings. The sfermion masses (such as 
mej^,mej^ etc.) involve additional soft SUSY breaking parameters. In the minimal super- 
gravity model (mSUGRA) |^ with the assumption of universal soft parameters at the GUT 
scale, the scalar mass mo, gaugino mass mi/2, the trilinear coupling A along with tan/3 and 
the sign of fi are sufficient to determine all the physical quantities at the electroweak scale. 
In the minimal gauge-mediated SUSY breaking (GMSB) model |0, the parameter set is fi, 
tan/3, the SUSY breaking vacuum expectation value Fx and the messenger mass scale Mx] 
the effective SUSY breaking scale is A = Fx/Mx- Measuring the xt^ Xi and X2 masses 
may be the first step toward deciphering the nature of the SUSY model and especially for 
testing the MSSM predictions for Mi and M2. However, sfermion mass measurements will 
be essential to fully understand the SUSY breaking mechanism. 

In this Letter we consider the two processes 

^7 — ^ i^X~ cLiid ^7 — >• ex" (1) 

for use in measuring the sneutrino (u) and selectron (e) masses and their couplings. We 
assume that the masses of the xf^ Xi ^iid X2 known from experiments at the LHC 
or NLC. At the LHC the mass reach for sleptons is only about 250 GeV [0, due to the 
rather small electroweak signal cross sections and large SM backgrounds. In most SUSY 
models, the sfermions are heavier than the lightest chargino and pair production of the 
scalar particles e+e~ — > e+e~ and could be inaccessible at an e~^e~ collider; the kinematic 
thresholds for Eq. (|I]) will then be lower than those for sfermion pair production. Even when 
scalar pair production is kinematically allowed there is a /3^ suppression of the cross section 
near threshold, and the event rates are correspondingly limited. On the other hand, the 
cross sections for Eq. (|l|) are proportional to /3 near threshold, so high production rates 
are achievable. Thus the addition of low energy laser beams to backscatter from the 
beams, allowing high energy 67 collisions [||, becomes very interesting for studying sleptons. 
The luminosity of the backscattered photons is peaked not far below the beam energy, 
(E^) ~ 0.83(-E'e±) for optimized laser energy, so the cm. energies (and luminosity) available 
in 67 collisions are comparable to those of an e"'"e~ collider, {^fs^) ~ 0.9(^3^) [§]. We find 
that high degrees of polarization for e~ and 7 beams are advantageous in the studies of the 
reactions in (p. 

Due to approximate decoupling of Higgsinos from the electron, the cross sections for the 
processes in (|lD are only large when the charginos and neutralinos are mainly gaugino-like, 
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namely ~ and Xi ~ -5°, X2 ~ This situation corresponds to \fi\ ^ Mi, M2 in 
the MSSM. Fortunately gaugino-like xf, x? and X2 highly favored theoretically for two 
reasons: (i) the radiative electroweak symmetry breaking in SUSY GUTs theories yields a 
large \fi\ value if tan/? is bounded by the infrared fixed point solutions for the top quark 
Yukawa coupling PJTO[]; (ii) Xi ^ B is strongly preferred for Xi to be a viable cold dark 
matter candidate [p|-[TT| . In the rest of our paper, we will thus concentrate on this scenario, 
although we comment later to what extent a z/x~ signal with a small W~ component in x~ 
can be detected. 

Cross section formulae 

The process e~7 i)x~ proceeds via s-channel electron and t-channel chargino exchange; 
see Fig. 1(a). In the x~ coupling to D^, the contribution from the higgsino is proportional to 
rrie and thus can be neglected. Consequently the scattering amplitude is proportional to the 
wino fractions Vji of the matrix Vji that diagonalizes the mass matrix (the first index j labels 
the chargino mass eigenstate Xi 1 xt and the second index i refers to the primordial gaugino 
and higgsino basis W^, H^)- Further, the state fixes the incoming electron chirality to 
be left-handed "— ", leaving just four independent helicity amplitudes. The differential cross 
sections summed over the chargino helicity are 

da ^ ^„ vra^ V^^ r? p 



dcose'-'~ sin'^iy s (I-/32) (l + /5cose)2 

X J2{l + Xcose){l + X(3)( ^^~^' -{1 + X(3)] , (2) 

A=±l V '^X / 

da _ ~ TTtt^ r| 2(3^sm'^e {1- (3 cos 6) 

^— ^(e_7+ ^ ULXj ) - —2^ — ^^_^2) (1 + /? cos 0)2 • 

The subscripts on e and 7 refer to the electron and photon helicities. The angle 6 specifies the 
chargino momentum relative to the incoming electron direction in the cm. frame, (3 = p/E 
is the chargino velocity in the c. m. frame, and r-^^ = m-^j ^fs. The (Ae, A^) = (— , — ) helicity 
amplitude is S'-wave near threshold so the cross section of Eq. (|^) is proportional to /?; the 
(— ,+) helicity amplitude, which comes only from the t-channel diagram, is P-wave near 
threshold so the cross section of Eq. (0) goes like At high energies /3 — 1, the helicity 
amplitudes develop a well-known zero at cosQ = 1 |T^, and the cross sections peak at 
cos 6* = —1. 

Selectron-neutralino associated production 67 —>■ ex^ proceeds via s-channel electron and 
t-channel selectron exchanges |1T3|-[T6|]; see Fig. 1(b). Again, the contributions from higgsino 
components (ifj* , H2) of x° can be neglected and only the neutralino mixing elements Zji 
and Zj2 enter. There are eight independent helicity amplitudes to consider: four for cl and 
four for cr. After summing over the neutralino helicities, there are just four independent 
helicity cross sections as the helicity of the {cl) matches that of the (e^): 




(4) 
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da 



dcos9 



ie+7- 



da 



dcos9 



9 P2 

2 '^^i{L,R) 



s (1 (l + /5cos^)2 \^ r 

The Fii {FiR) for e/, (e/j) are effective couplings given by 



'1 — /5 cos( 



(5) 
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COS 6* 
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sm9 



w 



COS 9 



w 



(6) 



Here the Zji are the elements of matrices that diagonalize the neutralino mass matrix (the 
first index j labels the neutralino mass eigenstate 3 = 1---4, and the second index i = 1,2 
refers to the primordial gaugino and higgsino basis {B^, W'^, H^, i?^))- The angle 9 specifies 
the direction of the selectron with respect to the direction of the incoming electron in the 
cm. frame, /? is the velocity of the selectron, and rg = mg/i/i. Again, at high energies 
P ^ 1, the cross sections develop a zero at cos^^ = 1, and peak at cos^^ = —1. 



Parameters 

For our illustrations we choose the chargino/neutralino masses (in GeV) 



65 m^o = 136 
and the mixing matrix elements 

Vn = 0.98 

for the charginos and 

Zu = 0.98 = -0.15 



21 



^21 



136 



-0.18 



-0.18 



431, 



^22 



-0.96 



(7) 



(8) 



(9) 



for the neutralinos. These parameters correspond to the following MSSM parameters at the 
weak scale 



Ml = 62 GeV, M2 = 127 GeV, fi = 427 GeV , tan ^ = 1.^ 



(10) 



where tan/? is at the infrared fixed point value |^ and the convention for sign(/i) follows 
Ref. p. For slepton masses, we choose (in GeV) 



320 



m 



307 



315, 



(11) 



where mg^ and independent parameters in MSSM. Our choices for the gaugino and 

slepton masses are consistent with renormalization group evolution |jlO[ to the electroweak 
scale, with the following universal mSUGRA parameters 



mo = 300 GeV , mi/2 = 150 GeV , A = 



(12) 



e 7 — > cross section 
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The total cross sections are shown in Fig. 2(a) for ulXi production and in Fig. 2(b) for 
^lXq^ versus a/s. The peak cross section is about 1.5 picobarns for plXi ) ^-rid is smaller for 
^1X2 partially due to the smaller V21 coupling and partially due to the energy-dependent 
factor. We have numerically checked that our calculations agree with Ref. fl^ for his 



particular choice of m-- = m,>^ and couplings. 

For realistic predictions we convolute these subprocess cross sections with the appropriate 
backscattered photon spectrum these results are shown by the lower curves in Fig. |^. 
The effect of the convolution is to decrease the cross sections by about a factor of two. In 
our illustrations we choose a pre-scattering laser beam energy of ujq = 1.26 eV. For Ee > 250 
GeV a lower uq would be needed to avoid electron pair production at the backscattering 
stage. We assume a polarization Pe{L,R) = 0.9 of the non-scattered electron beam, a mean 
helicity A = ±0.4 of the pre-scattered electron beam, and a fully polarized = ±1 pre- 
scattered photon beam. We select XPc to be negative to have a relatively monochromatic 
spectrum of y/s^, peaked close to 0.9^/s^. The individual signs of A and Pc are chosen to 
illustrate the helicity cross sections. 
e~7 — *• e~x° cross section 

The total cross sections for e~x^ production versus 67 cm. energy are illustrated in 
Fig. 1^, where the four panels present results for and and for Xi and combina- 
tions. Due to the stronger diagonal couplings Zu, the cross sections for 6^X2 (mainly eiW^) 
and crXi (mainly crB^) are significantly larger (see Eq. the weaker neutral current 
couplings and the more massive scalar propagator in selectron production make the cross 
sections smaller than for sneutrino production. The lower curves in Fig. ^ show the effects 
of convolution with the backscattered laser photon spectrum for the machine parameters 
detailed previously. Again the effect is to decrease the cross sections by about a factor of 
two. We numerically compared our convolution results with Fig. 1 of Ref. and found 
excellent agreement. 

Signal Final States and Backgrounds 

The decays of the sparticles in these reactions generally give clean signals: large missing 
energy (^), energetic charged leptons or jets from light quarks. Table H gives predicted 



branching fractions |17] for the mSUGRA example discussed earlier. Based on the predicted 



cross sections in Figs. 2 and 3, we concentrate on the three leading channels 

e"7 ulXi, e"7 crXi and e"7 clxI ■ (13) 

The cross section for plXi production is of (9(100-1000 fb), while the cross sections for crXi 
and 6^X2 are typically of 0(10-100 fb). 

In Table ||, we list observable final states for these three processes. We have calculated 



the SM backgrounds, which are presented in Table |TT|. W~ (Z) in the backgrounds will 
give the same final state as C~ {N^) in the signal table |ITT| , although the latter will often 
be non-resonant //' pairs. Generally speaking, the multiple //' signals for ulXi and 61X2 
have favorable signal/background ratios, especially at \/ig^ ~ 0.5 TeV. Given the sizeable 
signal cross sections and the distinctive kinematical characteristics from the heavy sparticle 
decays, such final states do not have severe SM backgrounds. However, some care needs 
to be taken for the e^Xi signal, which decays exclusively to e~ plus ^. The cross section 
for the SM background e~7 — e'uu (mainly from e~7 — > W~v) is large, on the order of a 



5 



TABLE I. Sparticle decay modes and branching fractions for the representative parameter 



choice. Here q generically denotes a quark and i = e or fi; fermion-antifermion pairs //' with net 
charge —1 (0) are denoted by C~ (A^°). 



Decay Modes 




Branching Fraction (%) 






62 ix'iqq'), 25 (x?^-^^) 


- xlN^iff) 




66 ix^^qq), 20 (x^z^), 9 (x?^+r) 


en Xie" 




97 


CL Xi^, ei X2e", - 




59, 36, 5 


vl xfe', i>L X2^, J>L - 


Xif 


59, 23, 18 



TABLE IL Sparticle production and decay in e~7 cohisions. Branching fractions based on 
Table I are given in the parentheses. Here ^ denotes missing energy resulting from Xi &i^d u final 
state; C~ (N^) denotes a fermion-antifermion pair of charge —1 (0). 



Process 




Final State & Branching Fraction 




e"7 ^LXi 


c- 


^ (18%), C~ ^ (23%), C- C+e~ I 


i (59%) 


e"7 ^ e-RXi 




e-^ (100%) 




e"7 eLX2 




- ^ (5%), N^e- ^ (36%), N° ] 


^ (59%) 



few picobarns. Detailed analysis [|I5| shows that by making use of a polarized e]^ beam and 
kinematical cuts, the signal can be separated from the SM background. In our subsequent 
discussion we will simply assume a 30% efficiency associated with signal branching ratios 
and acceptance cuts for each channel in (|13|), and assume no significant backgrounds remain 
after the appropriate selection cuts have been implemented. 

Before we proceed, a few comments are in order. First, given the negligibly small back- 
ground to the signal i'lXi C^C^e^ ^ at y/s^^ ~ 0.5 TeV, it should be possible to 
measure even a small signal for this channel, allowing a probe of a small gaugino compo- 
nent in Vu. The maximum value of the cross section for ulXi is about 600 fb, with a 
realistic photon spectrum. If a cross section of 20 fb is needed for a clear signal, a sensi- 
tivity down to Vu ~ 0.2 would be feasible. Second, although we have not discussed the 
channel e~7 — > eiXi because it has a smaller cross section for our parameter choices, there 
is a cross section complementarity between eiXi ^lxH^ depending on which x° has a 
larger component. Finally, the cross section normalization for e^x° via the exclusive 
decay Xi^~ will directly measure the neutralino mixing parameter Zu (or -Fi^). On 

the other hand, one would have to measure the total cross sections through all the decay 
channels for 9^ and to determine the other mixing parameters Zji and Vji. 

The preceeding signal and background discussions are based on the mSUGRA scenario. 
For gauge-mediated SUSY breaking models the signals from (|l|) may be more spectacular. 
For instance, if x? is the next-to-LSP (NLSP), it will decay to a LSP gravitino (G) plus a 
photon, resulting in an isolated photon plus ^ signal if the Xi decay length is short |T6[ . In 
other GMSB models in which the NLSP is a right-handed slepton, the signal from Xi ^^^r 



6 



TABLE III. Total cross sections (in fb) for missing energy plus vector bosons as Standard 
Model backgrounds to SUSY signals in e~7 collisions at cm. energies \fs^^ = 0.5, 1.0 and 1.5 TeV. 





fZ — V\ ^ 
VSg^ — u.o 


1 n 


1 ^ 


X = W'Ve 


0- = 4.2 X 10"^ fb 


4.8x10"^ 


4.9x10^ 


e~vv 


6.5x10^ 


6.3x10^ 


6.3x10^ 


W'ZVe 


210 


720 


1.1 xlO^ 


Ze~uv 


23 


79 


120 




0.62 


8.6 


21 


ZZe^uv 


3 xlO-2 


0.7 


2 



is also spectacular. Since signals from GMSB models should be easily detectable at the e+e 
NLC [|l^] and the Tevatron [jl9[, we do not discuss such possibilites further in 67 processes. 



Slepton mass determination: cross section ratio and energy endpoint measurement 

In any of the 67 processes under consideration the ratio of the cross sections for the two 
photon helicities provides a direct measure of the slepton mass if the associated neutralino 
or chargino mass is already known from e^e~ or pp collider experiments. These ratios are 
independent of the cross section normalization factors and the final state branching fractions. 
Figure^ shows the ratios for these three leading channels: (a) i^lXi'i (b) e^jXi! (c) 6^X2- The 
three pairs of bands on each panel correspond to the different energy choices of ^/s^ = 0.5, 1, 
and 1.5 TeV at integrated luminosities of 25, 50, and 100 fb~\ respectively, convoluted with 
the backscattered photon spectrum. Each pair of bands represents the ilo" error bounds on 
the ratio. We have included a 30% efficiency factor for signal identification with rejection of 
the SM backgrounds. From the figures, we find that the ±lcr uncertainties determined by 
the cross section ratios translate into mass uncertainties of roughly 2 GeV in channel (a), 
and 6, 30 and 35 GeV in channels (b) and (c) for the respective energies given above. 

Another way to measure the slepton mass is through the endpoint of energy distribution 
in the two-body decay e/j —>■ Xi^~ [0- If the maximum (minimum) energy of the electron 
in the lab frame is {E-), then the selectron mass can be determined from 



yi(E+ + E^) - 2E+E^ ' 



and the LSP mass is given by 



^1? = <n-'^^e^^E+E- (15) 

The latter result can be used for a consistency check with the m^o measurement from e^e~ 
experiments. Assuming knowledge of rn^o^, we estimate the error on mg^ measurement as 



Ame^ _ 1 - ^1? 



ml^ + ml. 



fAE+V fAEV' 



\ E+ ) \ E^ 



(16) 



For a typical NLC electromagnetic calorimeter, the single event uncertainty on energy mea- 
surement is AEjE = 12% /\^ + 1%. If there are no large systematical errors in the 
measurements, the error on Amg^/mg^ should be well below 1%. 
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Deducing tan /3 

The ratio of vacuum expectation values, tan /3, is of fundamental importance in the Higgs 
sector. In the absence of detailed information about Higgs boson couplings to fermions, tan (3 
is difficult to measure. Generically, the mass splitting of the left-handed sleptons satisfies 
the sum rule 



ml^-ml^=M^cos2p. (17) 

which follows from the SU(2) structure of the left-handed scalar partners. Thus the and 
cl masses provide an indirect measure of tan f3. From Eq. ([TTD , the relative error in deducing 
cos 2/5 can be determined in terms of the measured errors Am^^ and Amg^ as 



A cos 2/3 



cos 2P 



(18) 



Hence slepton mass measurements must be more accurate than the magnitude of the 
sneutrino-selectron mass splitting to obtain a significant determination of cos 2/3. The un- 
certainty on cos 2(3 translates into an uncertainty on tan (3 via the relation 



Atan/3 tan^/3 A cos 2/3 
tan/3 ~ 4 cos 2/3 

-1 A cos 2/? 
~ 4tan2/? cos 2/3 



for tan/3 > 1, 
for tan/3 < 1. (19) 



Thus a reasonably good sensitivity to tan/3 is obtained only when tan/3 ~ 1. For the 
set of parameters under our consideration at ^/s = 500 GeV, we find that the slepton 
mass uncertainties are Arrij^j^ ~ 2.3 GeV and Amg^ ~ 6 GeV with ±la cross section ratio 
measurements. This corresponds to an indirect determination of Atan/3/tan/3 ~ 1 for 
tan/3 ~ 1.8. 

Discriminating between SUSY models 

Through e+e~ XiXi and X1X2 production with Xi:X2 subsequent decays, the NLC 
will most likely determine the MSSM parameters Mi, M2, tan/? and /i, although it is only 
possible to obtain lower bounds on tan/3 and /z when they are large. The information on 
Fir, Vii and F2L, combined with the corresponding branching fractions associated with the 
three 67 processes discussed earlier, would provide valuable additional tests of models, since 
the Vji are functions of tan/?, M2 and /i, while -^^(i /j) depend on tan/?. Mi, M2 and fj,. 

The measurements of the slepton masses, m^)^, rrig^ and mg^, will probe soft SUSY 
breaking in the scalar sector. Although SU(2) symmetry predicts the sum rule between the 
left-handed doublets in Eq. (p^ , there is no general relation in the MSSM between rrig^ and 
mg^. In mSUGRA the left-handed and right-handed selectron masses are given by pO|j2l[| 



= (^0)' + C2 + \Cx + [-\ + sin2 Ml cos 2/3 

= (m^°)2 + Ci - sin^ OwM^ cos 2(3 (20) 

where tUq and 171^^ are the scalar masses in the 5 and 10 representations of SU(5), respectively, 
and 
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11 



G) 



aliMs 



- 1 



Co 



-M 



G) 



- 1 



(21) 



with the GUT scale Mq ~ 10^^ GeV and the SUSY mass scale Ms. In GMSB models the 
selection mass formulas are the same as above, except that a{MG) and mo(MG') are replaced 
by a{Mx) and mo{Mx) where Mx is the messenger mass scale. Using the determinations 



of mg^, me^, Ml, M2 and cos 2/5, Eqs. 



[■rrin 



m, 



lo^ 



can be solved for ttlq and to test universality 



of the soft supersymmetry-breaking scalar masses. 



Summary 

We have shown that the processes ej —>■ z>x~ and ex" offer the opportunity to 

• measure the selectron and sneutrino masses via the ratios of cross sections with differ- 
ent initial electron and photon polarizations. 



• estimate tan/3 through the relation in Eqs. 

• test the universality of mSUGRA scalar masses at the GUT scale, 

• deduce elements of the chargino and neutralino mass diagonalization matrices from 
the cross-section normalizations. 

This information will be most valuable to the study of supersymmetric unification models, 
especially if the thresholds for e~^e~ and production are beyond the kinematic reach of 
the Next Linear e~^e~ Collider. 
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(b) 



FIG. 1. Feynman graphs for the processes (a) e 7 — > I'X ^^'^ (t>) e x^. 
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FIG. 2. The upper two curves show the total cross section (in fb) for e~j vx~ versus ^/s^ 
(in GeV) for the SUSY and machine parameters given in the text: (a) vxi', (b) i'X2 ■ solid 
curves represent e, 7 helicities (— ,— ) and the dashed curves (—,+). The lower two curves are 
corresponding results convoluted with the backscattered photon spectrum versus JJ^. 
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FIG. 3. The upper two curves show the total cross section (in fb) for e~7 ex^ versus ^/s^ 
(in GeV) for the SUSY and machine parameters given in the text: (a) clXi'i (b) 6^X2^ i^) ^RXi'j 
(d) efiX2- The soHd curves represent e, 7 hehcities (— ,— ) for (a), (b) and (+,+) for (c), (d). The 
dashed curves represent hehcities (— ,+) for (a), (b) and (+,— ) for (c), (d). The lower two curves 
are corresponding results, convoluted with the backscattered photon spectrum, versus Js^e- 
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FIG. 4. The ratio of total cross sections versus slepton mass (in GeV): 



(a) a(e_7+ P^Xi )/^^(e-7- 



^^LXl 



(b) a(e+7_ eijXi)/f^(e+7+ 



eRXi) vs 



mg^; (c) (T(e_7+ — > eLX2)/<^(^-7- ^ ^Lxi) ^e^- Results for three colliders are presented: 
(I) = 0.5 TeV, Ce-y = 25 fb"!; (II) 1 TeV, 50 fb'^ (III) 1.5 TeV, 100 fb'^. For each collider 
the upper and lower curves show the it la values for the ratio. The backscattered photon spectrum 
and the electron polarization are included in the calculations (see text). 
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